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(54) IMagnetic recording medium and magnetic storage apparatus 



(57) The present invention relates to a magnetic re- 
cording medium which comprises first (23), second (25) 
and third (27) magnetic layers having magnetization di- 
rections which are alternately antiparallel when no ex- 
temal magnetic field is applied on ttie magnetic record- 
ing medium, with a first nonmagnetic layer (24) inter- 
posed between the first (23) and second (25) magnetic 
layers, and a second nonmagnetic layer (26) interposed 
between the second (25) and third (27) magnetic layers, 
tn an embodiment of the present invention, the condition 
Ms2xt2 < (Mslxtl + Ms3xt3) is satisfied, where Msl, 
Ms2 and Ms3, and t\, t2 and t3 respectively denote sat- 
uration magnetizations and thicknesses of the first (23), 
second (25) and tiiird (27) magnetic layers. 



28 

1 



7ZZZZ77Z7777Z 




^27 



'22 
.21 



FIG. 5 



Q. 
LU 



Printed by Jouve. 75001 PARIS (FR) 




EP 1 343 147 A2 



1 

Description 

BACKGROUND OF THE iNVENTION 

[0001] This application cialms the benefit of a Japa- 5 
nese Patent Application No.2002-060942 filed March 6, 
2002, in the Japanese Patent Office, the disclosure of 
which is hereby incorporated by reference. 

1 . Field of the invention 

[0002] The present invention generally relates to 
magnetic recording media and magnetic storage appa- 
ratuses, and more particularly to a magnetic recording 
medium and a magnetic storage apparatus which are 
suited for high-density recording. 

2. Description of the Related Art 

[0003] Recording densities of longitudinal magnetic 
recording media used in magnetic storage apparatuses 
such as magnetic disk units have greatly increased, due 
to reduction of media noise and development of mag- 
neto-resistive heads and spin-valve heads. In order to 
reduce the media noise of the magnetic recording me- 
dium, it is essential to further reduce the grain size of a 
magnetic layer which Is formed by a collection of fine 
magnetic particles, and to reduce the magnetic coupling 
strength between the grains of the magnetic layer. 
[0004] As the grains of the magnetic layer become 
magnetically isolated, the recording state is disturbed 
with lapse of time, thereby causing thermal instability. 
The themnal Instability occurs when the magnetic orien- 
tation of some of the grains which should originally be 
oriented in the axis of easy magnetization is thermally 
disturbed and deviates from the axis of easy magneti- 
zation. 

[0005] In order to reduce the thermal instability, It is 
necessary to increase the magnetization energy (aniso- 
tropic energy) along the axis of easy magnetization or, 
to increase the grain size so as to increase the volume 
energy. However, magnetic inversion becomes difficult 
when the anisotropic energy Is increased, and an upper 
limit of the anisotropic energy is mainly limited by the 
field generated by the head. On the other hand, it is un- 
desirable to increase the volume of the grains since this 
would increase the media noise. 
[0006] Recently, a technique has been proposed in a 
Japanese Laid-Open Patent Application No. 
2001-56924 so as to avoid the problems of thermal in- 
stability. According to this proposed technique, the mag- 
netic recording medium has two magnetic layers sepa- 
rated by a nonmagnetic layer made of Ru or the like, 
and the separated magnetic layers are antiferromagnet- 
ically coupled by an exchange coupling force so that the 
magnetic layers have antiparallel magnetizations. 
[0007] FIG. 1 1s a cross sectional view showing a mag- 
netic recording medium employing this proposed tech- 



nique. In FIG. 1. magnetic layers 11 and 13 are sepa- 
rated by an exchange coupling layer 12 which is made 
of Ru or the like, and magnetization directions of the 
magnetic layers 11 and 13 are antiparallel due to the 
exchange coupling force. By making the amounts of 
magnetization, that is, the saturation magnetization and 
thickness products, of the magnetic layers 11 and 13, 
unbalanced, a read head can detect a difference be- 
tween the amounts of magnetization of the magnetic 
layers 13 and 11 as the recorded magnetization. Be- 
cause the use of this difference between the amounts 
of magnetization in effect reduces the apparent thick- 
ness of the magnetic layer 13 which equivalently func- 
tions as the recording layer, it is possible to increase the 
linear recording density of the magnetic recording me- 
dium. In FIG. 1 , a stacked structure 10 is made up of a 
substrate having an underlayer disposed thereon. 
[0008] FIG. 1 also shows, conceptually, a magnetic 
particle 15. As shown in FIG. 1, the magnetizations 
above and below the exchange coupling layer 12 are 
antiferromagnetically coupled via the exchange cou- 
pling layer 12 and are antiparallel within one magnetic 
grain 15. As described above, when viewed from the 
read head, the amount of leakage magnetic field detect- 
ed from the magnetic recording medium only amounts 
to that corresponding to an effective thickness te, due 
to the mutual cancellation effect between the magnetic 
layers 11 and 13. However, because the volume of the 
magnetic grain 1 5 is defined by VI , which corresponds 
to an actual thickness ta, it is possible to increase the 
apparent volume of the recording layer even though the 
magnetic recording medium in effect has a thin record- 
ing layer. For this reason, it is possible to realize a mag- 
netic recording medium which Is thermally stable. 
[0009] By using the exchange coupling described 
above, it is possible to realize a thermally stable mag- 
netic recording medium. Even though the conventional 
limit of the recording density was considered to be ap- 
proximately 40 Gb/in2 due to reduced superparamag- 
netism, it has been confirmed that the recording density 
of tiie longitudinal magnetic recording can be increased 
to approximately 1 00 Gb/in^ using exchange coupling. 
[001 0] But in the case of the magnetic recording me- 
dium using exchange coupling, the present inventor has 
confirmed that the resolution may deteriorate and the 
nonlinear bit shift may increase from values which are 
predicted from the effective thickness te. A description 
will now be given of the problems generated In the mag- 
netic recording medium using the exchange coupling, 
by referring to FIGS. 2, 3A, 3B, 4A and 4B. 
[001 1] FIG. 2 is a diagram showing a hysteresis loop 
for the magnetic recording medium shown in FIG. 1. In 
FIG. 2, the ordinate indicates the magnetization in arbi- 
trary units, and the abscissa indicates the coercivity in 
arbitrary units. In addition, magnetization directions of 
the magnetic layers 11 and 13 are shown alongside the 
loop in FIG. 2. This loop Is obtained using a measuring 
apparatus which requires several tens of minutes for the 
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magnetic field to change, such as a vibrating sample 
type magnetometer. As may be seen from FIG. 2. the 
magnetization directions of the antiferromagnetically 
coupled magnetic layers 11 and 13 are antiparallel in a 
state ST1 or a state ST2, where these states ST1 and 
ST2 are residual magnetization states. 
[0012] FIGS. 3A and 36 and FIGS. 4A and 4B are di- 
agrams for generally explaining situations where bits 
are recorded on the magnetic recording medium shown 
in FIG. 1. In the case of the magnetic recording medium 
having the hysteresis loop shown in FIG. 2, the use of 
a material having magnetic anisotropy for the magnetic 
layer 11 increases the KuV/kT value which is a param> 
eter of the thermal stability of the magnetic recording 
medium as a whole, and it is possible to obtain a high 
thermal stability, where Ku denotes a magnetic anisot- 
ropy constant. V denotes an average magnetic grain 
volume, k denotes a Boltzmann constant, and T denotes 
the temperature. The KuV/kT value is sometimes also 
referred to as the thermal stability factor. 
[0013] Generally, it is known that a coercivity He of the 
magnetic recording medium is increased by a high- 
speed A.C. magnetic field. Such an increasing coercivity 
He is called a dynamic coercivity He* or, simply dynamic 
He. The dynamic coercivity He* determines an in-plane 
overwrite characteristic of the magnetic recording me- 
dium. It may easily be inferred that such a phenomenon 
also occurs physically in the magnetic layer 11. 
[0014] FIGS. 3A and 3B and FIGS. 4A and 4B show 
the magnetization states which occur by the writing of a 
write head. FIG. 3 A shows a case where the dynamic 
coercivity He' of the magnetic layer 1 1 does not become 
large in a time region of a write process of the write head, 
where a magnetization inversion process a of the mag- 
netic layer 11 is located in a negative magnetic field re- 
gion. On the other hand, FIG. 4 A shows a case where 
the dynamic coercivity He* of the magnetic layer 11 be- 
comes large in the time region of the write process of 
the write head. In other words, in the case shown in FIG. 
4A, even when the hysteresis loop shown in FIG. 2 is 
obtained by changing the magnetic field by taking a suf- 
ficiently long time, the magnetization inversion process 
of the magnetic layer 11 may enter a positive magnetic 
field region as indicated by p if the dynamic coercivity 
He' of the magnetic layer 1 1 increases in the time region 
of the write process of the write head. In FIGS. 3A and 
4A. the ordinate indicates the magnetization in arbitrary 
units, and the abscissa indicates the magnetic field in 
arbitrary units. 

[0015] FIG. 3B shows the formation of a magnetiza- 
tion transition region for the case shown in FIG. 3A, that 
is, for the case where the time dependency of the dy- 
namic coercivity He' of the magnetic layer 1 1 is not large 
and a magnetization inversion process LI remains in the 
negative magnetic field region even for a high-speed 
change of the magnetic field. In FIG. 3B, it is assumed 
that a trailing edge 19 of the write head moves from the 
left to right. In the state shown in FIG. 3B, a region on 



the right side of the trailing edge 19 of the write head 
corresponds to a position below a write gap. When the 
magnetic field of the head is instantaneously inverted in 
the state shown in FIG. 3B, a transition region is written 

5 in the magnetic layer 13. In FIG. 3B, a dotted line con- 
ceptually shows the magnetic field from the head, and 
arrows indicate the direction of the magnetic field after 
the magnetic field of the head is inverted. In the mag- 
netic layer 13, the region on the right side of the transl- 

10 tion region corresponds to a magnetic field region B of 
the loop shown In FIG. 3 A, and the recorded magneti- 
zation direction is to the right. On the other hand, in the 
magnetic layer 11, the magnetic field generated by the 
head in the region on the left side of the gap con'esponds 

IS to a magnetic field region A of the loop shown in FIG. 
3A, and the recorded magnetization direction of the 
magnetic layer 11 in the region on the right side of the 
gap is to the right as shown in FIG. 3B. Hence, as may 
be seen from FIG. 3B, the transition region is only 

20 formed in the magnetic layer 1 3 in the vicinity of the trail- 
ing edge 19 in the case of this magnetic recording me- 
dium. 

[001 6] On the other hand, when the time dependency 
of the dynamic coercivity He' of the magnetic layer 11 is 

25 large, the hysteresis loop of the magnetic recording me- 
dium becomes as indicated by a solid line in FIG. 4A for 
the high-speed change of the magnetic field. FIG. 4B 
shows the formation of a magnetization transition region 
for such a magnetic recording medium. It is assumed 

30 for the sake of convenience that the write head used is 
the same as the write head used in FIG. 3B. In FIG. 4B, 
it is assumed that the trailing edge 19 of the write head 
moves from the left to right. In the state shown in FIG. 
4B, a region on the right side of the trailing edge 19 of 

35 the write head corresponds to a position below the write 
gap. When the magnetic field of the head is instantane- 
ously inverted in the state shown in FIG. 4B. a transition 
region® is written in the magnetic layer 13. In FIG. 4B, 
a dotted line conceptually shows the magnetic field from 

40 the head, and arrows indicate the direction of the mag- 
netic field after the magnetic field of the head is inverted. 
In the magnetic layer 13, the region on the right side of 
the transition region (D corresponds to a magnetic field 
region C of the loop shown in FIG. 4A, and the recorded 

45 magnetization direction is to the right. On the other 
hand, in the magnetic layer 11 , the region on the left side 
of the transition region 0 corresponds to the magnetic 
field range of the head from the region B to the region 
A. and the recorded magnetization direction of the mag- 
so netic layer 1 1 remains to the left. I n the magnetic record- 
ing medium having the hysteresis loop shown in FIG. 
4A, the dynamic coercivity He' of the magnetic layer 11 
is time dependent, and the dynamic coercivity He' of the 
magnetic layer 11 increases in the high-speed write re- 

55 gion of the magnetic storage apparatus. Thus, the mag- 
netization inversion of the magnetic layer 11 that is ob- 
served when the vibrating sample type magnetometer 
or the like is used to make the measurement by taking 
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a long time, changes from a position a' to a position p 
during the high-speed write in FIG. 4A. For this reason, 
the magnetization of the magnetic layer 11 becomes 
complex compared to the magnetic recording medium 
having the hysteresis loop shown In FIG. 3A. 
[0017] In other words, the magnetic field of the head 
indicated by the dotted line in FIG. 4B decreases to- 
wards a position on the left side of and further away from 
the trailing edge 19. When the magnetic field takes a 
value at the position Indicated by p in FIG. 4 A, a mag- 
netization transition region <D is formed in the magnetic 
layer 11. As the position on the left side of the trailing 
edge 19 moves further away from the trailing edge 19, 
the magnetic field of the head decreases. In addition, 
since the region on the left side of the trailing edge 19 
experiences a magnetic field in a direction opposite to 
that of the magnetic field indicated by the dotted line, a 
magnetization transition region® having a stretch to a 
certain extent is formed by the inversion of the magnetic 
layer 11 indicated by a " in FIG. 4A. 
[0018] In the magnetic layer 11 , the magnetic field of 
the head acts In a region B shown in FIG. 4 A, In a range 
from immediately below the magnetization transition re- 
gion® to the magnetization transition region® . In ad- 
dition, in the magnetic layer 11 , the magnetic field of the 
head acts in a region A shown in FIG. 4A, in a range 
from the magnetization transition region® to the mag- 
netization transition region Q) ■ The positional relation- 
ship of the magnetization transition regions ® , (2) and 
(3) varies depending on the magnetic characteristic of 
the magnetic recording medium, the data transfer rate 
of the magnetic storage apparatus such as the magnetic 
disl( drive, and the magnetic field intensity generated by 
the head. But when the recording is carried out at ap- 
proximately 40 Gb/in^, an interval between the magnet- 
ization transition regions 0 and(D is approximately 20 
nm which is narrow compared to a minimum bit interval 
of approximately 40 nm for the 40 Gb/in^ recording. On 
the other hand, an Interval between the magnetization 
transition regions ® and <3) is approximately 300 nm, 
and an interval between the magnetization transition re- 
gions (D and® is considerably large compared to the 
minimum bit interval of 40 nm for the 40 Gb/in^ record- 
ing. 

[0019] As is evident from the discussion above, no 
magnetization transition region is formed in the magnet- 
ic layer 11 in the vicinity of the trailing edge 1 9 as shown 
in FIG. 3B in the case of the magnetic recording medium 
having the hysteresis loop shown in FIG. 3A. But in the 
case of the magnetic recording medium having the hys- 
teresis loop shown in FIG. 4A, the magnetization tran- 
sition region is formed in the magnetic layer 11 in the 
vicinity of the trailing edge 19 as shown in FIG. 4B. 
[0020] When recording the second bit on the magnet- 
ic recording medium, the write magnetic field of the head 
increases due to the magnetic field generated by the 
previously recorded first bit. As a result, a phenomenon 
occurs where the second bit is recorded at a position 



closer to the previously recorded first bit than an original 
position where the second bit should actually be record- 
ed. This phenomenon Is called non-linear transition shift 
(NLTS). The resolution deteriorates and the high-densi- 
5 ty recording capability deteriorates when the NLTS is 
large. Compared to the magnetic recording medium 
shown in FIGS. 3A and 3B. the magnetization transition 
region is additionally formed in the case of the magnetic 
recording medium shown in FIGS. 4A and 4B, thereby 
deteriorating the NLTS of the magnetic recording medi- 
um shown in FIGS. 4A and 48. Because the magneti- 
zation transition region (D is far away from the magnet- 
ization transition region ® , the NLTS is virtually unaf- 
fected by the magnetization transition region® . 
[0021] The present inventor compared the magnetic 
recording medium of the tyF>e shown in FIG. 3A and the 
magnetic recording medium of the type shown in FIG. 
4A, and confirmed that the resolution deteriorates by ap- 
proximately 3% to 5% and the NLTS deteriorates by ap- 
proximately 30% for the magnetic recording medium of 
the type shown in FIG. 4A. However, the present inven- 
tor also confimned that, when a material having a large 
magnetic anisotropy is used for the magnetic layer 11 in 
the magnetic recording medium of the type shown in 
FIG. 4A, the thermal stability is better compared to that 
of the magnetic recording medium of the type shown in 
FIG. 3A. 

[0022] Therefore, in the magnetic recording medium 
using the exchange coupling described above in con- 
junction with FIG. 1 , there was a problem in that the ther- 
mal stability may improve depending on the behavior of 
the dynamic coercivlty He' of the magnetic layer 11 , but 
the resolution and the NLTS may also deteriorate. 

SUMMARY OF THE INVENTION 

[0023] Accordingly, it is a general object of the present 
invention to provide a novel and useful magnetic record- 
ing medium and magnetic storage apparatus, in which 
the problem described above is eliminated. 
[0024] Another and more specific object of the 
present invention is to provide a magnetic recording me- 
dium using exchange coupling but capable of Improving 
the thermal stability without deteriorating the resolution 
and the NLTS, and to a magnetic storage apparatus 
which uses such a magnetic recording medium. 
[0025] In keeping with one aspect of the invention, a 
magnetic recording medium has a first magnetic layer 
having a saturation magnetization Ms1 and a thickness 
t1 ; a first nonmagnetic layer provided on the first mag- 
netic layer; a second magnetic layer, provided on the 
first nonmagnetic layer, having a saturation magnetiza- 
tion Ms2 and a thickness t2; a second nonmagnetic lay- 
er provided on the second magnetic layer; and a third 
magnetic layer, provided on the second nonmagnetic 
layer, having a saturation magnetization Ms3 and a 
thickness t3, where the first, second and third magnetic 
layers have magnetization directions which are alter- 
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nately antiparallel In a state where no external magnetic 
field is applied on the magnetic recording medium, and 
wherein a relationship Ms2 X 12 < (Ms1 x t1+Ms3 X t3) 
stands. According to this embodiment of the present in- 
vention, It is possible to improve thermal stability without 
deteriorating resolution and the NLTS. In addition, since 
the media noise is effectively reduced compared to the 
conventional magnetic recording media, the magnetic 
recording medium of the present invention is suited for 
use In a high-density magnetic recording exceeding 100 
Gb/ln2. 

[0026] Another aspect of the present invention is to 
provide a magnetic recording medium having a first 
magnetic layer having a saturation magnetization Ms1 
and a thickness t1; a first nonmagnetic layer provided 
on the first magnetic layer; a second magnetic layer, pro- 
vided on the first nonmagnetic layer, having a saturation 
magnetization Ms2 and a thickness t2; a second non- 
magnetic layer provided on the second magnetic layer; 
and a third magnetic layer, provided on the second non- 
magnetic layer, having a saturation magnetization Ms3 
and a thickness t3, where the first, second and third 
magnetic layers have magnetization directions which 
are altemately antiparallel in a state where no external 
magnetic field is applied on the magnetic recording me- 
dium, and wherein a relationship |Ms1 x t1-Ms3 x t3|/ 
(Msl X t1+Ms3 X t3)/2 < 0.3 stands. According to this 
embodiment of the present invention, it is possible to 
Improve ttiemnal stability witiiout deteriorating resolution 
and the NLTS. In addition, since media noise is effec- 
tively reduced compared to the conventional magnetic 
recording media, the magnetic recording medium of the 
present invention is suited for use in a high-density mag- 
netic recording exceeding 1 00 Gb/in^. 
[0027] Another aspect of the present invention is to 
provide a magnetic recording medium comprising a first 
magnetic layer having a coercivity Hc1 ; a first nonmag- 
netic layer provided on the first magnetic layer; a second 
magnetic layer, provided on the first nonmagnetic layer, 
having a coercivity Hc2; a second nonmagnetic layer 
provided on the second magnetic layer; and a third mag- 
netic layer, provided on the second nonmagnetic layer, 
having a coercivity Hc3, where the first, second and ttnird 
magnetic layers have magnetization directions which 
are altemately antiparallel in a state where no external 
magnetic field is applied on the magnetic recording me- 
dium, and wherein relationships Hc2 < Hc1 and Hc2 < 
Hc3 stand. According to this embodiment of the present 
invention, it is possible to improve thermal stability with- 
out deteriorating resolution and the NLTS. In addition, 
since media noise is effectively reduced compared to 
the conventional magnetic recording media, the mag- 
netic recording medium of the present invention is suited 
for use in a high-density magnetic recording exceeding 
100 Gb/in2. 

[0028] Still another aspect of the present invention is 
to provide a magnetic recording medium including a first 
magnetic layer having a coercivity Hcl; a first nonmag- 



netic layer provided on the first magnetic layer; a second 
magnetic layer, provided on the first nonmagnetic layer, 
having a coercivity Hc2; a second nonmagnetic layer 
provided on the second magnetic layer; and a third mag- 
5 netic layer, provided on the second nonmagnetic layer, 
having a coercivity Hc3, where the first, second and third 
magnetic layers have magnetization directions which 
are altemately antiparallel in a state where no external 
magnetic field is applied on the magnetic recording me- 
dium, and wherein relationships |Hc1-Hc3|/{Hc1+Hc3)/ 
2 < 0.3 stands. According to this aspect of the present 
Invention. It Is possible to improve the ti^emnal stability 
without deteriorating the resolution and the NLTS. In ad- 
dition, since the media noise is effectively reduced com- 
pared to the conventional magnetic recording media, 
the magnetic recording medium of tine present invention 
is suited for use in a high-density magnetic recording 
exceeding 100 Gb/ln2 

[0029] Still another aspect of the present invention Is 
to provide a magnetic storage apparatus with one or a 
plurality of magnetic recording media; and recording 
and/or reproducing means for recording information to 
and/or reproducing information from the one or plurality 
of magnetic recording media, where each magnetic re- 
cording medium has a first magnetic layer having a sat- 
uration magnetization Ms1 and a thickness t1; a first 
nonmagnetic layer provided on the first magnetic layer; 
a second magnetic layer, provided on the first nonmag- 
netic layer, having a saturation magnetization Ms2 and 
a thickness t2; a second nonmagnetic layer provided on 
the second magnetic layer; and a third magnetic layer, 
provided on the second nonmagnetic layer, having a 
saturation magnetization Ms3 and a thickness t3. the 
first, second and third magnetic layers have magnetiza- 
tion directions which are altemately antiparallel in a 
state where no external magnetic field is applied on the 
magnetic recording medium, and wherein a relationship 
Ms2 X t2 < (Msl X tH-Ms3 X t3) stands. According to 
this aspect of the present invention, it is possible to im- 
prove thermal stability without deteriorating resolution 
and the NLTS. In addition, since media noise is effec- 
tively reduced compared to the conventional magnetic 
recording media, the magnetic storage apparatus of the 
present invention is suited for canning out a high-density 
magnetic recording exceeding 100 Gb/in^. 
[0030] Another aspect of tfie present invention is to 
provide a magnetic storage apparatus including one or 
a plurality of magnetic recording media; and recording 
and/or reproducing means for recording information to 
and/or reproducing information from the one or plurality 
of magnetic recording media, where each magnetic re- 
cording medium has a first magnetic layer having a sat- 
uration magnetization Ms1 and a tinickness t1; a first 
nonmagnetic layer provided on the first magnetic layer; 
a second magnetic layer, provided on the first nonmag- 
netic layer, having a saturation magnetization Ms2 and 
a thickness t2; a second nonmagnetic layer provided on 
the second magnetic layer; and a third magnetic layer, 



15 



20 



25 



30 



35 



40 



45 



50 



5 



9 EP 1 343 147 A2 10 



provided on the second nonmagnetic layer, having a 
saturation magnetization Ms3 and a thickness t3. the 
first, second and third magnetic layers have magnetiza- 
tion directions which are alternately antiparallel in a 
state where no external magnetic field is applied on the 5 
magnetic recording medium, and wherein a relationship 
|Ms1 X t1>Ms3 X t3|/(Ms1 X t1+Ms3 X t3)/2 < 0.3 
stands. According to this embodiment of the present in- 
vention, it is possible to Improve thermal stability without 
deteriorating resolution and the NLTS. In addition, since 
media noise is effectively reduced compared to the con- 
ventional magnetic recording media, the magnetic stor- 
age apparatus of the present invention is suited for car- 
rying out a high-density magnetic recording exceeding 
100 Gb/in2. 

[0031 ] Still another aspect of the present invention is 
to provide a magnetic storage apparatus with one or a 
plurality of magnetic recording media; and recording 
and/or reproducing means for recording Information to 
and/or reproducing information from the one or plurality 
of magnetic recording media, where each magnetic re- 
cording medium has a first magnetic layer having a co- 
ercivity Hc1 ; a first nonmagnetic layer provided on the 
first magnetic layer, a second magnetic layer, provided 
on the first nonmagnetic layer, having a coerdvity Hc2; 
a second nonmagnetic layer provided on the second 
magnetic layer; and a third magnetic layer, provided on 
the second nonmagnetic layer, having a coercivity Hc3, 
where the first, second and third magnetic layers have 
magnetization directions which are alternately antipar- 
allel in a state where no external magnetic field is ap- 
plied on the magnetic recording medium, and wherein 
relationships Hc2 < Hcl and Hc2 < Hc3 stand. Accord- 
ing to this embodiment of the present invention, It is pos- 
sible to improve the thermal stability without deteriorat- 
ing the resolution and the NLTS. In addition, since the 
media noise is effectively reduced compared to the con- 
ventional magnetic recording media, the magnetic stor- 
age apparatus of the present invention is suited for car- 
rying out a high-density magnetic recording exceeding 
100 Gb/in2 

[0032] A further aspect of the present invention Is to 
provide a magnetic storage apparatus including one or 
a plurality of magnetic recording media; and recording 
and/or reproducing means for recording information to 
and/or reproducing information from the one or plurality 
of magnetic recording media, where each magnetic re- 
cording medium comprises a first magnetic layer having 
a coercivity Hc1; a first nonmagnetic layer provided on 
the first magnetic layer; a second magnetic layer, pro- 
vided on the first nonmagnetic layer, having a coercivity 
Hc2; a second nonmagnetic layer provided on the sec- 
ond magnetic layer; and a third magnetic layer, provided 
on the second nonmagnetic layer, having a coercivity 
Hc3, where the first, second and third magnetic layers 
have magnetization directions which are alternately an- 
tiparallel in a state where no external magnetic field is 
applied on the magnetic recording medium, and wherein 



relationships |Hc1-Hc3|/(Hcl+Hc3)/2 < 0.3 stands. Ac- 
cording to this emtxxfiment of the present Invention, it 
is possible to improve the thermal stability without dete- 
riorating the resolution and the NLTS. In addition, since 
the media noise is effectively reduced compared to the 
conventional magnetic recording niedia. the magnetic 
storage apparatus of the present invention is suited for 
carrying out a high-density magnetic recording exceed- 
ing 100 Gb/in2. 

[0033] Other objects and further features of the 
present invention will be apparent from the following de- 
tailed description when read in conjunction with the ac- 
companying drawings. 



[0034] 

FIG. 1 is a cross sectional view showing a magnetic 
recording medium employing a proposed tech- 
nique; 

FIG. 2 is a diagram showing a hysteresis loop for 
the magnetic recording medium shown in FIG. 1; 
FIGS. 3A and 3B are diagrams for generally ex- 
plaining situations where bits are recorded on the 
magnetic recording medium shown in FIG. 1; 
FIGS. 4A and 4B are diagrams for generally ex- 
plaining situations where bits are recorded on the 
magnetic recording medium shown in FIG. 1; 
FIG. 5 is a cross sectional view showing part of a 
first embodiment of a magnetic recording medium 
according to the present invention; 
FIG. 6 is a diagram showing a hysteresis loop of the 
first embodiment of the magnetic recording medi- 
um; 

FIG. 7 is a diagram showing a hysteresis loop for a 
case where a material having a sufficiently large co- 
ercivity is used for a second magnefic layer; 
FIG. 8 is a cross sectional view showing part of a 
second embodiment of the magnetic recording me- 
dium according to the present invention; 
FIG. 9 is a cross sectional view showing part of an 
embodiment of a magnetic storage apparatus ac- 
cording to the present invention; and 
FIG. 10 is a plan view showing part of the magnetic 
storage apparatus of FIG. 9. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0035] A description will be given of embodiments of 
a magnetic recording medium according to the present 

invention and a magnetic storage apparatus according 
to the present invention, by referring to FIG. 5 and the 
subsequent drawings. 

[0036] As shown in FIG. 5. the magnetic recording 
medium has a substrate 21 which is made of a material 
typically used for hard disk media, such as glass and Al. 
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An underlayer 22 which is made of a material having a 
hep stmcture such as Cr is formed on the substrate 21 , 
so as to promote in-plane orientation of c-axes of mag- 
netic layers, which will be described later. A first mag- 
netic layer 23, a second magnetic layer 25, and a third 5 
magnetic layer 27 are provided above the underiayer 
22. For example, the underiayer 22 may be formed by 
a multi-layer stmcture which is made up of an amor- 
phous seed layer, and an underiayer which is formed on 
the seed layer and is made of a CrMo alloy or the like 
having a BCC structure and a (002) crystal face oriented 
parallel to a surface of the substrate 21 (hereinafter re- 
ferred to as a substrate surface). The first, second and 
third magnetic layers 23, 25 and 27 are made of a ma- 
terial selected from a group including Co, Ni, Fe, Ni al- 
loys, Fe alloys, and Co alloys, and the Co alloys may 
include CoCrTa. CoCrPt and CoCrPt-M. where M = B. 
Mo, Nb, Ta, Cu. C or alloys thereof. Axes of easy 
magnetization of the first and third magnetic layers 23 
and 27 are in-plane, which is parallel to the substrate 
surface. 

[0037] A first nonmagnetic layer 24 is interposed be- 
tween the first and second magnetic layers 23 and 25 
to antiferromagnetically couple the first and second 
magnetic layers 23 and 25 so that the magnetization di- 
rections of the first and second magnetic layers 23 and 
25 become antiparallel. In addition, a second nonmag- 
netic layer 26 is interposed between the second and 
third magnetic layers 25 and 27 to antiferromagnetically 
couple the second and third magnetic layers 25 and 27 
so that the magnetization directions of the second and 
third magnetic layers 25 and 27 become antiparallel. 
The first and second nonmagnetic layers 24 and 26 are 
made of a material selected from a group including Ru. 
Rh, Ir, Ru alloys, Rh alloys and Ir alloys. Each of the first 
and second nonmagnetic layers 24 and 26 has a thick- 
ness of approximately 0.4 nm to 2.0 nm. Normally, it is 
desirable that the first and second nonmagnetic layers 
24 and 26 are made of Ru. When the thickness of each 
of the first and second nonmagnetic layers 24 and 26 
made of Ru is set to approximately 0.8 nm, it is possible 
to obtain a hysteresis loop shown in FIG. 6. 
[0038] A protection layer 28 is formed on the third 
magnetic layer 27. For example, the protection layer 28 
may have a multi-iayer structure which is made up of a 
C layer and a lubricant layer fomned on the C layer 
[0039] In the following description, thicknesses of the 
first, second and third magnetic layers 23, 25 and 27 are 
respectively denoted by t1, t2 and t3. In addition, satu- 
ration magnetizations of the first, second and third mag- 
netic layers 23, 25 and 27 are respectively denoted by 
Ms1, Ms2 and Ms3, and coercivitles of the first, second 
and third magnetic layers 23, 25 and 27 are respectively 
denoted by Hc1 , Hc2 and Hc3. In order to make this em- 
bodiment of the magnetic recording medium function ef- 
fectively, it is preferable that the following condition is 
satisfied among the first, second and third magnetic lay- 
ers 23. 25 and 27. 



Msl X t1+Ms3 X t3 > Ms2 X t2 

[0040] It Is not essential for the values Msl x t1 and 
Ms3 X t3 to be the same. However, if the values Msl x 
t1 and Ms3 x t3 are set to close values, the coercivities 
Hcl and Hc3 also become close values, and the slope 
becomes sharp in a vicinity of He in the hysteresis loop 
shown in FIG. 6, thereby making the magnetic recording 
medium suited for the high-density recording. FIG. 6 is 
a diagram showing the hysteresis loop of this embodi- 
ment of the magnetic recording medium. In FIG. 6. the 
ordinate indicates the magnetization in arbitrary units, 
and the abscissa indicates the coerclvity In arbitrary 
units. 

[0041] Although not visible in FIG. 6, an eye may be 
generated in the loop in the vicinities of A and B when 
a material having a sufficientiy large ooerdvlty Hc2 is 
used for the second magnetic layer 25. FIG. 7 is a dia- 
gram conceptually showing this state where the eye Is 
generated. The eyes in the loop shown in FIG. 7 do not 
greatly change the various magnetic recording charac- 
teristics, such as the signal-to-noise ratio (SNR) and the 
NLTS. of this embodiment of the magnetic recording 
medium, if the magnetic recording is carried out using 
the magnetic recording medium under the preconditions 
described hereunder. In FIG. 7. the ordinate Indicates 
the magnetization in arbitrary units, and the abscissa in- 
dicates the coerclvity in arbitrary units. 
[0042] Next, a description will be given of the basic 
method of using this embodiment of the magnetic re- 
cording medium, by referring to FIG. 7. The hysteresis 
loop indicated by a solid line in FIG. 7 is obtained by a 
vibrating sample type magnetometer or the like when 
the magnetic field Is changed over a long time. On the 
other hand, a hysteresis loop indicated by a dotted line 
in FIG. 7 is observed when a high-speed write is carried 
out by the write head. The magnetic recording medium 
is used in a manner such that a maximum value of the 
magnetic field of the write head falls between H^ and H^ 
in FIG. 7. In this state, the inversion of the magnetization 
from the first through third magnetic layers 23 through 
27 occurs while always maintaining the antiparallel 
magnetizations of the adjacent magnetic layers 23 and 
25 and the antiparallel magnetizations of the adjacent 
magnetic layers 25 and 27. 

[0043] Furthermore, it is desirable that the coercivities 
Hcl and Hc3 of the first and third magnetic layers 23 
and 27 are set in a range to satisfy the following rela- 
tionship. 

|Hc1-Hc3|/(Hcl+Hc3)/2 < 0.3 

When the coercivities Hcl and Hc3 exceed the above 
range, a coerclvity squareness ratio which is defined by 
a middle portion of the hysteresis loop in FIG. 7 be- 
comes less than 0.65, and a sufficientiy large recording 
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resolution cannot be obtained. 
[0044] Moreover, it is desirable that a saturation mag- 
netization and thickness product Msl x t1 of the lirst 
magnetic layer 23 and a saturation magnetization and 
thickness product Ms3 X t3 of the third magnetic layer 5 
27 are set in a range to satisfy the following relationship. 

\fAs^ X t1-Ms3 X t3|/(Ms1 X t1+l^s3 X t3)/2 < 0.3 

When the saturation magnetizations Ms1 and Ms3 sat- 
isfy the above range, the coercivity squareness ratio 
which is defined by the middle portion of the hysteresis 
loop In FIG. 7 can be maintained greater than or equal 
to 0.60. Since the first and third magnetic layers 23 and 
27 contribute to the head output approximately to the 
same extent, it is important to satisfy this relationship 
from the point of view of improving recording resolution. 
[0045] In addition, it is preferable that relationships t2 
< t1 and t2 < t3 stand. If an exchange magnetic field 
strength received by the second magnetic layer 25 is 
denoted by Hex2. it is preferable that relationships 
|Hex2| > Hcl and |Hex2| > Hc3 stand and/or relation- 
ships |Hex2-Hc2| > Hcl and |Hex2-Hc2| > Hc3 stand. 
[0046] If it is assumed that the dynamic coercivity in- 
dicates the coercivity that is observed when the A.C. 
magnetic field is applied with respect to the magnetic 
recording medium at the write frequency of the head 
which writes information on the magnetic recording me- 
dium, it is preferable that the following relationships 
stand, where Hcl ' denotes the dynamic coercivity of the 
first magnetic layer 23, Hc3' denotes the dynamic coer- 
civity of the third magnetic layer 27, and Hex2 denotes 
the exchange magnetic field intensity received by the 
second magnetic layer 25. 

|Hex2| > HcV 

and 

|Hex2| > Hc3' 

and/or 

|Hex2-Hc2'| > HcV 

and 

|Hex2-Hc2'| > Hc3' 

[0047] Therefore, according to this embodiment of the 
magnetic recording medium, the effective thickness of 
the recording layer of the magnetic recording medium 
when viewed from the read head is a result of mutual 



cancellation caused by the magnetization direction of 
the second magnetic layer 25 which is antiparallel to the 
magnetization directions of the first and third magnetic 
layers 23 and 27. For this reason, it is possible to prevent 
the recording state of the magnetic recording medium 
from instantaneously assuming a parallel coupled state, 
and the NLTS and the resolution can be improved. 
[0048] Moreover, since the first and third magnetic 
layers 23 and 27 are separated in a vertical direction 
perpendicular to the substrate surface, the magnetic 
grains per unit area become doubled, and in principle, 
it is possible to reduce the media noise to ^N2. In terms 
of the SNR, this media noise reduction corresponds to 
an improvement of approximately 3 dB. 
[0049] In the case of the magnetic recording medium 
having the hysteresis loop shown in FIG. 2, it Is impos- 
sible to use a material having a sufficiently large antsot- 
ropy for the magnetic layer 11 shown in FIG. 1 . in order 
to avoid the state described above in conjunction with 
FIGS. 4A and 4B. In the magnetic recording medium 
shown in FIG. 1, the magnetic layer 11 is thin, and it is 
difficult to evaluate the magnetic anisotropy of the mag- 
netic layer 11 by itself. However, it may be inferred that 
the anisotropic energy of the magnetic layer 1 1 which is 
approximately 5 nm is reduced to one-half that of the 
magnetic layer 11 which is made of the same material 
and is approximately 10 nm. 

[0050] On the other hand, in this embodiment of the 
magnetic recording medium having the hysteresis loop 
shown in FIG. 7, the first and third magnetic layers 23 
and 27 may both have a relatively large thickness of ap- 
proximately 10 nm, for example. Consequently, the first 
magnetic layer 23 can generate a sufficiently large mag- 
netic anisotropic energy, to thereby effectively improve 
the thermal stability. 

[0051] In addition, a sum of the exchange coupling 
magnetic fields from the first and third magnetic layers 
23 and 27 act on the second magnetic layer 25, and an 
exchange coupling magnetic field Hex shown in FIG. 7 
is generated. Because the second magnetic layer 25 
forms an antiferromagnetic coupling layer, the second 
magnetic layer 25 Is thin compared to the first and third 
magnetic layers 23 and 27. and an alloy having a high 
Co-concentration is used for the second magnetic layer 
25 in order to increase the exchange coupling magnetic 
field. This exchange coupling magnetic field can easily 
be made greater than or equal to 5000 Oe. When the 
Co-concentration of the second magnetic layer 25 is in- 
creased, the saturation magnetization Ms2 of the sec- 
ond magnetic layer 25 increases, and thus, the second 
magnetic layer 25 needs to be thin to a certain extent 
such that the magnetizations of the first and third mag- 
netic layers 23 and 27 are not greatly cancelled. It is 
preferable to set the thickness of the second magnetic 
layer 25 in a range of approximately 1 nm to 3 nm. Since 
the second magnetic layer 25 is sufficiently thin and the 
exchange coupling magnetic field Hex mainly deter- 
mines a transition width penetrating the second mag- 
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netic layer 25, the transition width will not increase and 
a high-density recording can be realized even if a ma> 
terial such as pure Co is used for the second magnetic 
layer 25. 

[0052] Next, a description wilt be given of the perfornrv 5 
ance of this embodiment of the magnetic recording me- 
dium. It is assumed that the substrate 21 is made of 
glass, and the underlayer 22 has a multi-layer structure 
which Is made up of an amorphous seed layer and an 
underiayer which is formed on the seed layer and is 
made of a CrMo alloy or the like having a BCC structure 
and a (002) crystal face oriented parallel to the substrate 
surface. In addition, it is assumed that the first and third 
. magnetic layers 23 and 27 are made of CoCrPtB having 
the same composition, the second magnetic layer 25 is 
made of CoCr, and the first and second nonmagnetic 
layers 24 and 26 are made of Ru. It is also assumed that 
the thldcness of the amorphous seed layer forming the 
multi-layer structure of the underlayer 22 is 25 nm. the 
thickness of the CrMo alloy underlayer of the multi-layer 
structure of the underlayer 22 is 10 nm. and the thick- 
nesses of the first and second nonmagnetic layers 24 
and 26 respectively are 0.8 nm. Furthermore, it is as- 
sumed that the thicknesses of the first, second and third 
magnetic layers 23, 25 and 27 respectively are 12 nm, 
2 nm and 12 nm, and that the thickness of the protection 
layer 28 Is 5 nm. It was confirmed that this magnetic re- 
cording medium has a good in-plane magnetic orienta- 
tion. 

[0053] A hysteresis loop observed for this magnetic 
recording medium was similar to that shown in FIG. 6, 
and the coercMty He was approximately 3900 Oe and 
the exchange coupling magnetic field Hsw was approx- 
imately 8000 Oe. In addition, the residual area magnet- 
ization of this magnetic recording medium was approx- 
imately 0.32 Memu/cm^. This magnetic recording medi- 
um will be referred to as the magnetic recording medium 
MED1. 

[0054] For comparison purposes, a magnetic record- 
ing medium MED2 having the same residual area mag- 
netization and coercivity He as those of the magnetic 
recording medium MED1 was prepared, by omitting the 
first and second nonmagnetic layers 24 and 26 and the 
second magnetic layer 25. The residual coercivity was 
adjusted by the thicknesses of the CoCrPtB first and 
third magnetic layers 23 and 27. The coercivity He was 
adjusted by the thickness of the CoCrMo underlayer 
forming the multi-layer structure of the underlayer 22 
and the heating conditions after forming the amorphous 
seed layer forming the multi-layer structure of the un- 
derlayer 22. 

[0055] The following Table shows the characteristics 
of the magnetic recording media MED1 and MED2. In 
the Table, SNR indicates the media SNR. and the res- 
olution indicates the isolated wave ratio at 320 KFCI. 



Table 



Medium 


SNR 


NLTS 


Resolution 


KuV/kT 


MED1 


23 dB 


12% 


52% 


70 


MED2 


21 dB 


11% 


49% 


50 



As may be seen from the Table, it was confirmed that 
the NLTS does not deteriorate for the magnetic record- 
ing medium MED1. In addition, it was also confirmed 
that the resolution is improved for the magnetic record- 
ing medium MED1. It may be regarded that the resolu- 
tion of the magnetic recording medium MED1 is im- 
proved because a signal attenuation more easily occurs 
due to thermal Instability in the high recording density 
region for the magnetic recording medium MED2. The 
thermal stability factor KuV/kT which is obtained by 
measuring the dynamic coercivity He' is 70 for the mag- 
netic recording, medium MED1 which is a sufficiently 
high value for realizing thermal stability, where Ku de- 
notes a magnetic anisotropy constant, V denotes an av- 
erage magnetic grain volume, k denotes a Boltzmann 
constant, and T denotes the temperature. On the other 
hand, the thermal stability factor KuV/kT for the magnet- 
ic recording medium MED2 is 50 which is low for prac- 
tical use. It was also confinned that the media noise for 
the magnetic recording medium M EDI Is reduced by ap- 
proximately 20% compared to that of the magnetic re- 
cording medium MED2, and that the media SNR is ac- 
cordingly improved by approximately 2 dB for the mag- 
netic recording medium MED1 compared to the mag- 
netic recording medium MED2. 

[0056] Next, a description will be given of a second 
emfc>odiment of the magnetic recording medium accord- 
ing to the present invention, by referring to FIG. 8. FIG. 
8 is a cross sectional view showing part of this second 
embodiment of the magnetic recording medium. In FIG. 
8, those parts which are the same as those correspond- 
ing parts in FIG. 5 are designated by the same reference 
numerals, and a description thereof will be omitted. 
[0057] As shown in FIG. 8, the second magnetic layer 
25 of this embodiment is made up of a plurality of mag- 
netic layers 25-1 through 25-N, where N is an odd 
number greater than or equal to three, where each two 
adjacent magnetic layers of the second magnetic layer 
25 are separated by a nonmagnetic layer 31 . The mag- 
netic layers 25-1 through 25-N which form the second 
magnetic layer 25 are antiferromagnetically coupled, 
and the magnetization directions of the magnetic layers 
25-1 through 25-N alternate in opposite directions so 
that two adjacent magnetic layers of the second mag- 
netic layer 25 have antiparallel magnetizations. Accord- 
ing to this embodiment, it is possible to obtain effects 
which are similar to those obtainable by the first embod- 
iment described above. 

[0058] Next, a description will be given of an embod- 
iment of the magnetic storage apparatus according to 
the present invention, by referring to FIGS. 9 and 10. 
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FIG. 9 is a cross sectional view showing an Important 
part of this emt}Odlment of the magnetic storage appa- 
ratus, and FIG. 10 is a plan view showing part of this 
embodiment of the magnetic storage apparatus. 
[0059] As shown in FIGS. 9 and 1 0. the magnetic stor- 
age apparatus generally includes a housing 113. A mo- 
tor 1 14, a hub 11 5, a plurality of magnetic recording me- 
dia 116. a plurality of write/read heads 117. a plurality of 
suspensions 118, a plurality of arms 119, and an actu- 
ator unit 120 are provided within the housing 113. The 
magnetic recording media 116 are mounted on the hub 
115 which is rotated by the motor 114. Each write/read 
head 1 1 7 is made up of a write head such as an inductive 
head, and a read head such as an MR or GMR head. 
Each write/read head 1 1 7 is mounted on a tip end of the 
corresponding arm 119 via the corresponding suspen- 
sion 118. Each arm 119 is driven by the actuator unit 
120. The basic structure of this magnetic storage appa- 
ratus is known, and a detailed description thereof will be 
omitted in this specification. 

[0060] This embodiment of the magnetic storage ap- 
paratus is characterized by the magnetic recording me- 
dia 116. Each magnetic recording medium 116 has the 
structure of the first embodiment of the magnetic record- 
ing medium shown in FIG. 5 or the stmcture of the sec- 
ond embodiment of the magnetic recording medium 
shown in FIG. 8. Of course, the numl>er of magnetic re- 
cording media 116 is not limited to three, and it is pos- 
sible to provide one, two. or more than three magnetic 
recording media 116. 

[0081] The basic stmcture of the magnetic storage 
apparatus is not limited to that shown In FIGS. 9 and 10. 
In addition, the magnetic recording medium used by the 
magnetic storage apparatus according to the present in- 
vention is not limited to a magnetic disi^. and various 
kinds of magnetic recording media may be used, includ- 
ing magnetic tapes and magnetic cards. 
[0062] Further, the present invention is not limited to 
these embodiments, but various variations and modifi- 
cations may be made without departing form the scope 
of the present invention. 



Claims 

1. A magnetic recording medium comprising: 

a first magnetic layer having a saturation mag- 
netization Msl and a thickness t1; 
a first nonmagnetic layer provided on said first 
magnetic layer; 

a second magnetic layer, provided on said first 
nonmagnetic layer, having a saturation mag- 
netization Ms2 and a thickness t2; 
a second nonmagnetic layer provided on said 
second magnetic layer; and 
a third magnetic layer, provided on said second 
nonmagnetic layer, having a saturation mag- 
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netization Ms3 and a thickness t3, 

said first, second and third magnetic layers 
having magnetization directions which are alter- 
5 nateiy antiparallel in a state where no external mag- 
netic field is applied on the magnetic recording me- 
dium. 

wherein 

Ms2 X t2 < (Msl X t1+Ms3 x t3). 

2. A magnetic reconding medium comprising: 

IS a first magnetic layer having a saturation mag- 

netization Msl and a thickness t1 ; 
a first nonmagnetic layer provided on said first 
magnetic layer; 

a second magnetic layer, provided on said first 
20 nonmagnetic layer, having a saturation mag- 

netization Ms2 and a thicicness t2; 
a second nonmagnetic layer provided on said 
second magnetic layer; and 
a third magnetic layer, provided on said second 
25 nonmagnetic layer, having a saturation mag- 

netization Ms3 and a thickness t3, 

said first, second and third magnetic layers 
having magnetization directions which are alter- 
30 nateiy antiparallel in a state where no external mag- 
netic field is applied on the magnetic recording me- 
dium, 

wherein 

35 

|Ms1 X t1-Ms3 X t3|/(Ms1 X t1+Ms3 X t3)y2 < 0.3. 

3. A magnetic recording medium comprising: 



40 a first magnetic layer having a coercivity Hcl ; 

a first nonmagnetic layer provided on said first 
magnetic layer; 

a second magnetic layer, provided on said first 
nonmagnetic layer, having a coercivity Hc2; 
45 a second nonmagnetic layer provided on said 

second magnetic layer; and 
a third magnetic layer, provided on said second 
nonmagnetic layer, having a coercivity Hc3. 

50 said first, second and third magnetic layers 

having magnetization directions which are alter- 
nately antiparallel in a state where no external mag- 
netic field Is applied on the magnetic recording me- 
dium, 

55 wherein 

Hc2 < Hcl 
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and 

Hc2 < Hc3. 

5 

4. A magnetic recording medium comprising: 

a first magnetic layer having a coercivity Hcl; 
a first nonmagnetic layer provided on said first 
magnetic layer; io 
a second magnetic layer, provided on said first 
nonmagnetic layer, having a coercivity Hc2; 
a second nonmagnetic layer provided on said 
second magnetic layer; and 
a third magnetic layer, provided on said second is 
nonmagnetic layer, having a coercivity Hc3, 

said first, second and third magnetic layers 
having magnetization directions which are alter- 
nately antiparallel in a state where no external mag- 20 
netic field is applied on the magnetic recording me- 
dium, 

wherein 

|Hc1.Hc3|/(Hc1+Hc3)/2 < 0.3. 

5. The magnetic recording medium as claimed in any 
of claims 1 to 4, wherein: 

30 

said first, second and third magnetic layers are 
respectively made of a material selected from 
a group consisting of Co. Ni. Fe, Ni alloys, Fe 
alloys and Co alloys, and 

said Co alloys include CoCrTa, CoCrPt and 35 
CoCrPt-M, where M = B, Mo. Nb, Ta. W, Cu, C 
or alloys thereof. 



said second magnetic layer Is made up of N 
magnetic layers, where N is an odd numk)er 
greater than or equal to three, 
each two adjacent magnetic layers of said sec- 
ond magnetic layer are separated by a rK>n- 
magnetic layer, and 

the magnetic layers which form said second 
magnetic layer are antiferromagnetically cou- 
pled so that magnetization directions thereof 
are alternately in opposite directions so that two 
adjacent magnetic layers of said second mag- 
netic layer have aritiparallei magnetizations. 

10. The magnetic recording medium as claimed in any 
of claims 1 to 4, wherein |Hex2| > Hcl and |Hex2| 

> Hc3, where Hc1 denotes a coercivity of said first 
magnetic layer, Hc3 denotes a coercivity of said 
third magnetic layer, and Hex2 denotes an ex- 
change magnetic field intensity received by said 
second magnetic layer. 

11. The magnetic recording medium as claimed in any 
of claims 1 to 4, wherein |Hex2-Hc2| > Hc1 and 
|Hex2-Hc2| > Hc3, where Hcl denotes a coercivity 
of said first magnetic layer, Hc2 denotes a coercivity 
of said second magnetic layer, Hc3 denotes a co- 
ercivity of said third magnetic layer, and Hex2 de- 
notes an exchange magnetic field intensity received 
by said second magnetic layer. 

12. The magnetic recording medium as claimed in any 
of claims 1 to 4. wherein |Hex2| > Hcl' and |Hex2| 

> Hc3', where Hcl' denote a dynamic coercivity of 
said first magnetic layer, Hc3' denotes a dynamic 
coercivity of said third magnetic layer, and Hex2 de- 
notes an exchange magnetic field strength received 
by said second magnetic layer. 



6. The magnetic recording medium as claimed in any 
of claims 1 to 4, wherein said first and second non- 
magnetic layers are respectively made of a material 
selected from a group consisting of Ru. Rh, Ir. Ru 
alloys, Rh alloys and Ir alloys. 

7. The magnetic recording medium as claimed in any 
of claims 1 to 4, wherein said first and second non- 
magnetic layers respectively have a thickness of 
0.4 nm to 2.0 nm. 

8. The magnetic recording medium as claimed in any 
of claims 1 to 4, wherein relationships t2 < t1 and 
t2 < t3 stand, where t1 , t2 and t3 respectively denote 
thicknesses of said first, second and third magnetic 

layers. 

9. The magnetic recording medium as claimed in any 
of claims 1 to 4, wherein: 



13. The magnetic recording medium as claimed in any 
40 of claims 1 to 4, wherein |Hex2-Hc2*| > HcV and 

|Hex2-Hc2'| > Hc3'. where HcV denote a dynamic 
coercivity of said first magnetic layer, Hc2' denotes 
a dynamic coercivity of said second magnetic layer, 
Hc3' denotes a dynamic coercivity of said third mag- 
45 netic layer, and Hex2 denotes an exchange mag- 
netic field strength received by said second mag- 
netic layer. 

14. The magnetic recording medium as claimed in any 
50 of claims 1 to 4, further comprising: 

a substrate provided under said first magnetic 
layer, 

said first and third magnetic layers having axes 
55 of easy magnetization oriented in-plane which 

is parallel to said substrate. 

1 5. The magnetic recording medium as claimed in claim 
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4, further comprising: 

one or a plurality of underlayers disposed be- 
tween said substrate and said first magnetic 
layer. 5 



said second magnetic layer; and 
a third magnetic layer, provided on said 
second nonmagnetic layer, having a satu- 
ration magnetization Ms3 and a thickness 
t3. 



16. A magnetic storage apparatus comprising: 

one or a plurality of magnetic recording media; 
and 

recording and/or reproducing means for re- 
cording information to and/or reproducing infor- 
mation from said one or plurality of magnetic 
recording media, 

each magnetic recording medium comprising: 



said first, second and third magnetic layers 
having magnetization directions which are alter- 
nately antiparallel in a state where no extemal mag- 
10 netic field is applied on the magnetic recording me- 
dium, 

wherein 

^5 |l^s1 X t1-Ms3 X t3|/(Ms1 X t1+Ms3 X t3)/2 < 0.3. 



a first magnetic layer having a saturation 
magnetization Msl and a thickness t1 ; 
a first nonmagnetic layer provided on said 
first magnetic layer; 

a second magnetic layer, provided on said 
first nonmagnetic layer, having a saturation 
magnetization Ms2 and a thickness t2; 
a second nonmagnetic layer provided on 
said second magnetic layer; and 
a third magnetic layer, provided on said 
second nonmagnetic layer, having a satu- 
ration magnetization Ms3 and a thickness 
t3, 

said first, second and third magnetic layers 
having magnetization directions which are alter- 
nately antiparallel in a state where no extemal mag- 
netic field is applied on the magnetic recording me- 
dium, 

wherein 

IVls2 X t2 < (Msl X t1+Ms3 X t3). 

17. A magnetic storage apparatus comprising: 

one or a plurality of magnetic recording media; 
and 

recording and/or reproducing means for re- 
cording information to and/or reproducing infor- 
mation from said one or plurality of magnetic 
recording media, 

each magnetic recording medium comprising: . 

a first magnetic layer having a saturation 
magnetization Ms1 and a thickness t1 ; 
a first nonmagnetic layer provided on said 
first magnetic layer; 

a second magnetic layer, provided on said 
first nonmagnetic layer, having a saturation 
magnetization Ms2 and a thickness t2; 
a second nonmagnetic layer provided on 



18. A magnetic storage apparatus comprising: 

one or a plurality of magnetic recording media; 

20 and 

recording and/or reproducing means for re- 
cording information to and/or reproducing infor- 
mation from said one or plurality of magnetic 
recording media, 

25 each magnetic recording medium comprising: 

a first magnetic layer having a coercivity 
Hcl; 

a first nonmagnetic layer provided on said 
30 first magnetic layer; 

a second magnetic layer, provided on said 
first nonmagnetic layer, having a coercivity 
Hc2; 

a second nonmagnetic layer provided on 
35 said second magnetic layer; and 

a third magnetic layer, provided on said 
second nonmagnetic layer, having a coer- 
civity Hc3, 

40 said first, second and third magnetic layers 

having magnetization directions which are alter- 
nately antiparallel in a state where no extemal mag- 
netic field is applied on the magnetic recording me- 
dium, 

45 wherein 

Hc2<Hc1 

50 and 

Hc2 < Hc3. 

55 19. A magnetic storage apparatus comprising: 

one or a plurality of magnetic recording media; 
and 
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recording and/or reproducing means for re- 
cording information to and/or reproducing infor- 
mation from said one or piuraiity of magnetic 
recording media, 

each magnetic recording medium comprising: s 

a first magnetic iayer having a coercivity 
Hc1; 

a first nonmagnetic layer provided on said 
first magnetic layer; io 
a second magnetic iayer, provided on said 
first nonmagnetic layer, having a coercivity 
Hc2: 

a second nonmagnetic layer provided on 
said second magnetic layer; and 15 
a third magnetic layer, provided on said 
second nonmagnetic layer, having a coer- 
civity Hc3, 

said first, second and third magnetic layers 20 
having magnetization directions which are alter- 
nately antiparallei in a state where no extemai mag- 
netic field is applied on the magnetic recording me- 
dium, 

wherein 25 
|Hc1-Hc3|/{Hc1+Hc3)/2 < 0.3. 



30 



35 



40 



45 



50 
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